Abstract. Molecular ionization-desorption analysis source (MIDAS), which is a desorption atmospheric pressure chemical ionization (DAPCI) type source, for mass spectrometry has been developed as a multi-functional platform for the direct sampling of surfaces. In this article, its utility for the analysis of thin-layer chromatography (TLC) plates is highlighted. Amino acids, which are difficult to visualize without staining reagents or charring, were detected and identified directly from a TLC plate. To demonstrate the full potential of MIDAS, all active ingredients from an analgesic tablet, separated on a TLC plate, were successfully detected using both positive and negative ion modes. The identity of each of the compounds was confirmed from their mass spectra and compared against standards. Post separation, the chemical signal (blue permanent marker) as reference marks placed at the origin and solvent front were used to calculate retention factor (R f ) values from the resulting ion chromatogram. The quantitative capabilities of the device were exhibited by scanning caffeine spots on a TLC plate of increasing sample amount. A linear curve based on peak are, R 2 = 0.994, was generated for seven spots ranging from 50 to 1000 ng of caffeine per spot.
Introduction
T hin-layer chromatography (TLC) can be found in a variety of fields such as agriculture, food, pharmaceutical, clinical, government, and academic research; applications within these and other fields to which TLC is suited are numerous [1] . Detection of compounds on TLC plates comes in many forms, including visual or photometric observations of absorbance or fluorescence as well as through staining using a variety of different chemical reagents [1] . Instrumental identification of compounds can be achieved using ultra-violet/visible, FTIR, and Raman spectroscopy as well as mass spectrometry [1] .
Interfacing TLC plate analysis with mass spectrometry has been achieved through direct coupling using sampling probes with solvent elution [2] , through direct electrospray ionization from physically modified plates [3] , as well as through other commercially available ambient mass spectrometry techniques such as desorption electrospray ionization (DESI) [4] [5] [6] and direct analysis in real time (DART) [7] [8] [9] . A more complete picture of this landscape can be found in these reviews [10] [11] [12] [13] .
MIDAS consists of a desorption atmospheric pressure chemical ionization (DAPCI) source, which provides the nitrogen gas and reagent ions required for analyte desorption/ionization, and a sampling platform, which uses a system of interchangeable plates to preform different types of analyses.
DAPCI type sources are based around a high voltage corona discharge electrode [14] [15] [16] . Reagent or solvent molecules near the electrode are ionized and directed at the sample surface. A sheath gas can be used to promote ionization through the introduction of solvents/reagents or, if the gas is heated, through thermal desorption [14, [17] [18] [19] . Additional DAPCI source descriptions and parameters can be found in a variety of articles [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Examples of applications where DAPCI type sources have been used include hydrocarbons [28] , explosives detection [21, 29, 30] , pharmaceuticals [17, 24] , imaging [31] , and natural products [20, 23] .
The development of MIDAS stems from our previous work studying the direct sample analysis (DSA) platform [32] . The DSA is a combined source and sampling platform. The robotic sampler can introduce samples from a 13-spot mesh screen or capillary tube sample holder. The source consists of gas and reagent inlets, a heating element, a wire-in-cylinder corona discharge electrode, and a nozzle. The source is aligned coaxially with the inlet of the mass spectrometer. Schlieren photographs taken of the heated nitrogen gas flow from the DSA revealed that the gas flow profile widened as it left the nozzle [32] . By adapting nozzles of smaller internal diameter, more uniform gas flow was achieved [32] . These observations as well as a desire to make a device capable of analyzing planar and/or irregular surfaces (currently a limitation of the DSA) spurred the development of MIDAS.
Experimental

Materials
Silica gel 60 thin-layer chromatography (TLC) plates (2.5 × 7.5 cm, 250 μm thickness) with F 254 fluorescent indicator were used (EMD Millipore, Billerica, MA, USA). Standards of caffeine, acetaminophen, salicylamide, acetylsalicylic acid, arginine, leucine, lysine, methionine, and proline as well as the ninhydrin reagent were obtained from Sigma-Aldrich (St. Louis, MO, USA). Mass spectrometry grade solvents and reagents including ethyl acetate, acetic acid, ethanol, n-hexane, methanol, and water were purchased from Fisher Scientific (Pittsburgh, PA, USA). Analgesic tablets containing caffeine, acetaminophen, salicylamide and acetylsalicylic acid were obtained locally.
TLC Plate Preparation
Individual solutions of five amino acids (arginine, leucine, lysine, methionine, and proline) were prepared in water to a concentration of 5000 ppm. For analysis, 5.0 μL of each solution was spotted onto a TLC plate. The plate was not developed. After analysis with MIDAS, the plate was sprayed with a 0.2% (w:v) ninhydrin solution in ethanol in order to stain the amino acids for visualization.
A standard mixture of caffeine, acetaminophen, salicylamide, and acetylsalicylic acid was prepared at a concentration of 2000 ppm in methanol. One analgesic tablet containing 32 mg of caffeine, 110 mg of acetaminophen, 152 mg of salicylamide, and 162 mg of acetylsalicylic acid, as stated on the packaging, was dissolved in 25.0 mL of methanol. A further 1:1 (v:v) dilution of this sample was made in methanol. For analysis, 1 μL of the final sample and standard were spotted onto a TLC plate and developed in a mixture of acetic acid and ethylacetate, 5:95 (v:v). The plates were dried in an oven at 70°C for 30 min prior to analysis.
TLC Quantitation
Serial dilutions from a 1000 ppm caffeine solution were made in methanol at concentrations of 500, 400, 300, 200, 100, and 50 ppm. One microliter of each solution was manually spotted onto a TLC plate that had been prewashed with methanol. The spots were focused by developing the plate across the short axis with a mixture of methanol, ethylacetate, and n-hexane 10:45:45 (v:v). After focusing, the plate was dried in an oven at 100°C for 30 min.
Mass Spectrometer
All analyses were performed using a Perkin Elmer AxIon Time-of-Flight mass spectrometer running TOF MS Driver software ver. 4.2 (Waltham, MA, USA). The mass spectrometer was tuned and calibrated with Agilent APCI/APPI tuning mix (Santa Clara, CA, USA) prior to use. Spectra from the amino acid TLC plate were acquired at 1.0 spectra·s -1 in positive mode only. Spectra from the analgesic TLC plate were acquired at 5.0 and 2.5 spectra·s -1 in positive and negative mode, respectively. For quantitative TLC plate and rapid qualitative sample analysis, spectra were acquired at 2.0 spectra·s -1 . No curtain gas was used at any time. Cylinder, endplate, and capillary entrance voltages were set to 0 V for experiments in each polarity. Additional positive mode instrument parameters include capillary exit, skimmer, radio frequency (rf) and offset voltages of 175, 18, 470, and 12 V, respectively. Additional negative mode instrument parameters include capillary exit, skimmer, rf, and offset voltages of -100, -20, -450, and -10.3 V, respectively.
MIDAS Parameters
The heater was set to supply nitrogen gas at a temperature of 180°C as measured using a thermocouple (Fluke, Wilmington, NC, USA). Incident nozzle angle was set at 50°, nozzle to sample distance was 2.0 mm, and source to inlet distance was 5.0 mm. Inlet nitrogen gas pressure was set at 40 pounds per square inch resulting in a linear velocity of 3.0 m·s -1 exiting the nozzle as measured using an anemometer (Extech, Nashua, NH, USA). Nitrogen gas was supplied from an in-house nitrogen generation system (Parker, Cleveland, OH, USA) at >99% purity. In positive mode, the corona electrode was operated at +3.0 kV and 6.0 μA, in negative mode -2.5 kV and 6.0 μA. No additional reagents or solvents were added to the system during TLC plate analysis. Atmospheric relative humidity during testing was 28%-50% as measured by a digital sling psycrometer (General, New York, NY, USA). For all TLC plate analyses the plate was moved through the sampling region at a rate of 1.6 mm·s -1 .
Results and Discussion
MIDAS: Source
The source, a schematic of which can be found in Figure 1 , consists of a gas heater, reagent/solvent inlet, and electrode and nozzle assembly. A color photograph can be found in Figure S1 in Electronic Supplementary Material (ESM). Nitrogen gas can be supplied from any desired external source or directly from the mass spectrometer. Gas connection to the heater is achieved by using low pressure PTFE tubing with a 1/ , which is wrapped helically around the tube. The tape is connected to a variable power supply (HTS/Amptex Co.), which is used to control the temperature. The heater tube connects to the corona discharge electrode using a 3/8′′ national pipe thread fitting. Nitrogen gas is fed through the heater and over the corona discharge electrode. The electrode is arranged in the wire-in-cylinder configuration. The cylinder has external threads and serves as the base to attach the nozzle. The nozzle consists of a tapered glass pipette (Fisher Scientific, Pittsburgh, PA, USA) that has been cut and fit through a stainless steel ferrule and secured to the cylinder with a gas fitting. When installed, the glass nozzle is 15 mm long with an i.d at its exit of approximately 1.5 mm. A high voltage power supply (Spellman, Hauppauge, NY, USA) is used to generate the corona discharge. Using this electrode and nozzle system, the corona discharge occurs in an enclosed region, away from the sample surface. Charged reagent gas is directed at the sample surface through the glass nozzle, which is positioned within a few millimeters of the sample surface. If desired, calibrant or other reagents/solvents can be added through a 0.25 mm i.d stainless steel tube (IDEX Health and Science, Oak Harbor, WA, USA), which is connected just after the exit of the heater but before the corona discharge electrode.
MIDAS: Sampler
The base for the sampling platform is an aluminum plate supporting a motorized x-y stage. Power for the motor assemblies comes from a 24 V DC power supply. The stage can be moved automatically using two stepper motors, model PK243-01AA (Oriental Motor, Torrance, CA, USA). Each stepper motor has its own SCX11 Universal Stepper Motor Controller and 24 V Microstep Driver, CMD2109P, with computer control provided through the Immediate Motion Creator software ver. 2.11 (Oriental Motor). The stage, which is 127 mm × 85 mm, can travel 70 mm in the x direction and 155 mm in the y direction.
The source is mounted to an adjustment bracket above the sample stage. Adjustment screws on the bracket allow for manual xyz adjustment, up to 15.0 mm of travel on each axis, of the entire source. The pitch of the source is also variable, which enables adjustment of the incident angle to between 40°F 
Mass Spectrometer Interface
MIDAS requires the use of a stainless steel capillary extension for the mass spectrometer. Desorbed ions are transferred to the mass spectrometer through the extension, which fits over the capillary of the mass spectrometer. The extension measures 160 mm in length with an i.d. of 5 mm, reducing to 2 mm when it reaches the inlet capillary.
TLC Plate Analysis
Compounds separated on a TLC plate may be invisible to the naked eye. The use of TLC plates with a fluorescent indicator often makes the visualization of spots easy; however, not all compounds contain functional groups that can take advantage of this feature. As a result, other methods such as staining or charring must be used in order to detect the presence of a sample. A drawback, however, is that once staining or charring is complete, the sample is destroyed and unusable for further analysis by mass spectrometry. Advantageously, MIDAS can be used to detect compounds on a TLC plate without the need to visualize the spots.
To simulate a separation in which no compounds are visible under white or UV light, five different amino acids were spotted individually on a TLC plate. These amino acids do not contain functional groups amenable to detection using the fluorescent indicator compound on the TLC plate. Figure 2 contains positive mode extracted ion chromatograms (EICs) recorded for the neat amino acids spotted onto a TLC plate. EICs were generated based on the most intense peak observed for each amino acid. The mass spectra, obtained for each amino acid, are available in EMS Figure S2 . At the high concentration used, dimerization is readily observed. EMS Figure S3 contains photographs of the plate under white light before and after staining with ninhydrin, a common staining reagent for amino acids [1] , as well as under ultraviolet light. Without the stain, the five amino acids analyzed were not visible; however, each one was detected by scanning the plate using MIDAS. The position of each spotted sample was confirmed after staining with ninhydrin. The distorted peak shape for arginine is a result of the initial sample placement under the source before horizontal movement commenced. A brief pause was taken after the leucine spot to ensure proper sample movement.
Analgesic compounds from a tablet were separated on a TLC plate and analyzed in the same manner as the amino acids. EICs were generated using a representative mass for each compound. The displayed baseline subtracted chromatograms in Figure 3 and spectra in Figure 4 were obtained from a single TLC plate.
Using a blue permanent marker, spots at the origin and solvent front were made after the plated had been developed. When scanned, these chemical markers were used to directly calculate the retention factor (R f ) for each compound using the time point at each peak maximum from the resulting chromatogram. R f values obtained for caffeine, acetaminophen, acetylsalicylic acid, and salicylamide were 0.18, 0.52, 0.68, and 0.71, respectively. Not all compounds were visible in both polarities; however, all compounds were ultimately detected. No attempt was made to identify peaks observed in the spectrum obtained from the blue permanent marker. In negative mode, acetaminophen and salicylamide were observed as chlorinated adducts, a common ionization pathway in negative ion Under the solvent system used to develop the plate, acetylsalicylic acid and salicylamide were not completely resolved. As a result, they visually appear as one spot. This comigration makes it difficult to visually identify the spot as containing two unique compounds, and further complicates any additional analysis if the spot were to be removed. Using MIDAS, however, the spot is easily identified as two species with acetylsalicylic acid migrating slower than salicylamide.
TLC Quantitation
The quantitative capabilities of the source were illustrated in the scanning of a TLC plate that had been manually spotted Figure 5 contains the EIC of the representative mass of caffeine during a single pass over the TLC plate as well as the calibration curve constructed using the resulting peak areas. A photograph of the TLC plate under UV light can be found in EMS Figure S4 . With a comparable sample concentration range, the linearity of the curve is improved over early DART calibration experiments using caffeine [7] without the need to use a stable isotope dilution analysis.
The results show excellent linearity despite not using an automated TLC spotter as has been used in previous quantitative experiments using a modified, angled DART system [9] . Deviations above are likely the result of manual plate spotting, and the use of an automatic TLC spotter may improve sample positioning and delivery and likely the overall analytical performance of the system.
Conclusion
MIDAS provides direct and rapid analysis of planar samples. MIDAS is a green source in that it uses readily available nitrogen as opposed to DART, which uses less abundant and increasingly expensive helium. It is important to note that this type of APCI-based source is not amenable to large biomolecules where an electrospray-based source would be better suited.
The device inflicted no visible damage to the TLC plates under study. It is therefore still possible to physically remove the spot for further analysis or processing if operating on a preparatory scale. It is important to note that this type of APCIbased source is not amenable to large biomolecules where an electrospray-based source would be better suited.
MIDAS is not limited to only TLC plate analysis; the source is adaptable to the analysis of a variety of different sample types and applications through the use of easily interchangeable sampling plates. Others such as 96-well and 384-spot plates can readily be used with MIDAS to greatly increase sample throughput. The independent control and operation characteristics of MIDAS allow the device to be used on a variety of mass spectrometers with atmospheric inlets from different vendors.
